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ABSTRACT 


This  research  is  directed  toward  the  investigation  of  high-power 
beam  plasma  interactions,  with  specific  investigation  of  the  transverse 
velocity  beam  modes  called  for. 

Experimental  results  have  been  obtained  for  the  propagation  charac¬ 
terises  of  the  transverse  plasma  wave  modes.  They  are  qualitatively  con¬ 
sistent  with  a  traveling  backward  wave  propagating  toward  the  axis  in  a  non- 
uniform  plasma  column  whose  density  decreases  toward  the  outside.  The 
observed  wavenumber  is  about  twice  that  predicted  by  the  theoretical  dis¬ 
persion  relation  based  on  a  Maxwellian  electron  velocity  distribution  func¬ 
tion.  The  theory  has  been  reformulated  to  accommodate  arbitrary  distribu¬ 
tion  functions.  The  two-beam  experiment  has  been  completely  set  up  in  a 
form  which  prevents  Interaction  in  the  varying  perpendicular  velocity  region. 

This  research  is  part  of  PROJECT  DEFENDER,  sponsored  by  the  Advanced 
Research  Project  Agency,  Department  of  Defense,  and  administered  by  the  U.  S. 
Army  Electronics  Command  under  Contract  No.  DA  28-043-AMC-0182KE) . 
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PURPOSE 


1 


This  investigation  has  as  its  purpose  the  theoretical  and  experi¬ 
mental  investigation  of  new  (i.e.,  not  space  charge)  modes  of  beam  plasma 
interaction.  In  particular,  it  includes  the  investigation  of  the  feasibility 
of  these  new  modes  as  an  improved  means  of  generation  and  amplification  of 
microwaves. 


II .  INTRODUCTION  AND  STATEMENT  OF  PROBLEM 

It  is  apparent  from  recent  developments  in  the  lineary  theory  of 
plasma  waves  (of  which  electron  beam  waves  are  a  subgroup)  that  the  wave  inter¬ 
actions  used  thus  far  in  devices  for  microwave  generation  and  amplification 
represent  only  a  small  fraction  of  those  which  are  possible  and  which  should  be 
considered.  Performance  and  design  limitations  of  existing  devices  are  due  to 
the  characteristics  of  the  particular  waves  used, and  they  may  well  be  extended 
or  removed  if  different  waves  are  employed. 

The  Sperry  Rand  Research  Center  (SRRC)  has  contracted  to  conduct  a 
comprehensive  theoretical  and  experimental  study  of  particular  plasma  waves 
( includirg  electron  beam  waves)  which  are  candidates  for  application  to  high- 
power  microwave  generators  or  amplifiers  and  which  have  not  as  yet  been  ade¬ 
quately  investigated. 

The  work  being  undertaken  is  an  extension  of  research  which  has  been 
in  progress  at  SRRC.  As  a  result  of  company  sponsored  investigations  performed 
during  the  past  three  years,  an  important  set  of  beam  and  plasma  waves  -  the 
so-called  electrostatic,  cyclotron-harmonic  waves  -  have  been  identified.  These 
waves  merit  further  study  because  they  remove  the  plasma  density,  magnetic  field, 
and  parallel  phase  velocity  restrictions  inherent  in  the  wave  modes  used  in 
existing  devices.  Their  dispersion  relation  has  been  formulateu  and  solved  for 
many  interesting  cases,  ncluding  growing  wave  interactions. 

■ 

In  particular  the  research  program  includes,  measurement  of  propa¬ 
gation  characteristics  for  comparison  with  existing  linear  dispersion  theory; 
coordinated  theoretical  and  experimental  study  of  the  effect  of  finite  geome¬ 
try,  velocity  spread,  and  density  and  temperature  gradients  on  linear  propaga¬ 
tion  haracteristics  and  wave  impedance;  a  primarily  experimental  study  of  non¬ 
linear  amplitude  limiting  and  spurious  frequency  generation;  and  a  study  of  the 
noise  properties  of  the  amplification  medium.  Special  emphasis  will  be  given  to 
a  search  for  practical  methods  of  efficiently  coupling  these  waves  to  conven¬ 
tional  transmission  lines. 

The  program  will  also  include  extension  of  the  range  of  solutions  to 
linear  plasma  and  beam  wave  dispersion  relations  in  a  search  for  additional  wave 
modes  of  potential  usefulness  in  high-power  microwave  devices.  For  while  the 
past  theoretical  program  at  SRRC  has  been  extensive,  there  remain  many  possible 
relative  orientations  of  beam  velocity,  wave  velocity,  rf  electric  field  and  dc 
magnetic  field  vectors,  wide  ranges  of  parameters,  and  many  beam  and  plar.ma 
velocity  distributions  of  potential  interest  which  have  not  yet  been  considered. 
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III. 


A.  LINEAR  TtCORY  Of  MIES  IN  A  UNIFORM  PLASM  OR  BEAM 

The  aois-relat  ivlstlc  dispersion  relation  for  high-frequency 
electrostat ic  ware*  in  a*  iafiaite  uniform  electron  aediua  neutrili red  by 
■••five  ion*  is: 
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=  coaponent  of  propagation  vector  along 
the  static  magnetic  field.  Bq  . 

=  coaponent  of  propagation  vector  across 
the  static  aagnetic  field. 

=  the  normalized  electron  velocity  distribution, 
where  vA  is  the  velocity  across  the  field 
and  V|  is  the  velocity  along  the  field. 


n  = 


eB. 


m 


and  Jn(kAvA/n)  is  the  Bessel  function  of  the  first  kind  and  order  n  with 
argument  kAvA/o  . 

The  importance  of  the  distribution  function  in  determining  the 
behavior  of  the  waves  which  may  be  supported  in  the  medium  is  striking.  To 
begin  with,  if  we  consider  an  electron  beam  with  velocity  parallel  to  the 
magnetic  field,  then 


fo(vA,V||)  =  2^  6(v-l)  6(v“  "  V0||) 
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and  the  dispersion  relation  it 
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ThU  equation.  originally  discussed  by  Could  and  Trl velpiece. 1 
describes  the  fast  and  slow  space  charge  waves  as  well  as  the  fast  and  slow 
fundamental  cyclotron  waves.  The  case  of  a  finite  beam  diimeter  has  also 
been  discussed  i-  detail. *  The  general  conclusion  drawn  from  the  simple  case 
of  •  uni forr  dentil)*  finite  d  taeier  beaw  is  thit  the  geometry  Merely  restricts 
ve  et  of  k  values  (kA.hj)  which  can  be  used  to  satisfy  (2)  but  that  the 
infinite  medium  dispersion  equation  must  still  be  satisfied.  The  dispersion 
diagram  for  this  "cold"  electron  bem*  is  given  in  Fig.  1.  It  will  be  noted 
that  the  slew  "negative  energy"  waves  used  for  oscillators  or  amplifiers 
have  a  parallel  phase  velocity  less  than  the  beam  velocity. 

When  electron  motion  about  the  lines  of  magnetic  field  is  taken 
into  account,  an  Infinite  set  of  waves  is  found. 3. 4  i„  addition  to  modified 
specu  charge  waves,  two  waves  exist  for  each  harmonic  of  the  electron  cyclo¬ 
tron  frequency.  One  of  each  such  pair  of  waves  is  found  to  have  negative 
energy.^  and  can  thus  be  used  for  growing  wave  interaction,  as  Is  the  slow 
space  charge  wave  in  conventional  microwave  tubes.  The  dispersion  curve 
shown  in  Fig.  2  Is  for  a  beam  of  monoenergetic.  spiraling  electrons,  whose 
velocity  distribution  is  given  by 


foui-v«>  *  6(v*  ”  6<*»  -  V 


and  whose  dispersion  relation  is 
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FIG,  2  Ditptrtioa  diagram  for  traaiverta  baas  »o<5#»  oa  a  sono-oaargatic 
beta  of  apiraliag  alactraa*.  Oaiy  paaltira  fraqueatiai  are  itscw 
far  eaavaaianea.  Tht  diipariioa  relation  la  ijfwatrle  aboat  both 
axai.  Bar#  agala  a*/n  ■  0.5  bat  *  (Vki  (fixtd  k*). 


If  we  consider  an  electron  beam  whose  distribution  function  is 
Maxwellian  across  the  field  and  having  a  single  velocity  along  the  field, 
then  the  results  of  using  this  in  Eq.  (1)  yields 
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where 


\  =  (kAvx/n)2 


Equation  (3)  exhibits  certain  interesting  characteristics  which 
in  principle  may  be  utilized  in  a  power  generation  system.  Considet  the 
function  in  the  lest  sum  on  the  right-hand  side  of  the  equation. 


-  &,«»  =  y*>  i 


J  (P) 
n 


where 


p  =  MCj/O  * 


This  function  becomes  negative  whenever  J„(p)  and  its  derivative  are  of 
opposite  sign.  It  is  possible,  for  a  sufficiently  dense  beam,  to  have 
instabJllty  over  critical  perpendicular  velocity  ranges  for  which 
"  ,  °  Jn ^  11  T°°  *«ch  velocity  spread  in  the  perpen- 

ctn  eliminate  these  unstable  regions,  hevever,  since  the 
Maxwellian  velocity  distribution  beam  does  not  exhibit  this  characteristic. 
Our  theoretical  investigation  will  include  detailed  calculations  of  the 

iemln^  Jt!ihff«rPWd!;!Ur  !ei?Clty  ,pr<id  ("e  ¥iU  •  *hi fted  Max¬ 

wellian  distribution  with  variable  velocity  spread)  and  of  axial  velocity 

spread,  a  spread  which  leads  to  the  so-called  "collisionless  cyclotron 
J  RQt 
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Interaction  between  the  transverse  velocityt  negative  energy 
wave  on  the  beam  near  the  cyclotron  harmonic  and  a  circuit  (or  beam  or 
plasma)  positive  energy  wave  leads  to  wave  growth.  This  is  dramatically 
illustrated  in  Fig.  6,  where  we  present  the  negative  and  positive  energy 
waves  on  a  electron  beam.  As  the  beam  electron  density  increases, 

the  positive  energy  wave  originating  at  .zero  frequency  for  k||  =  0  (the 
fast  space  charge  wave)  couples  with  the  negative-energy  transverse  veloc¬ 
ity  wave  at  the  cyclotron  frequency,  and  an  instability  results  in  growing 
wave  solutions.®  The  growth  rate  and  frequency  spectrum  of  these  waves  are 
presented  in  Fig.  4  for  several  harmonics  of  the  electron  cyclotron  fre¬ 
quency. 


The  interaction  of  a  monoenergetic  beam  excited  in  the  trans¬ 
verse  velocity  mode  with  a  plasma  whose  electrons  have  a  Maxwellian  veloc¬ 
ity  distribution  has  been  considered  under  somewhat  restricted  conditions 
by  us.  We  have  found  wave  growth  in  the  region  where  the  axially-traveling 
beam  electrons  see  the  cyclotron  harmonic  frequencies  after  the  approximate 
doppler  shift.  This  interaction  occurs  if  the  plasma  appears  to  be  lossy 
(resistive  instability)  or  slightly  reactive  (reactive  instability).  In 
Fig.  5  we  show  the  results  of  a  calculation  of  the  reactive  instability. 

The  effect  of  boundaries  in  a  finite  beam  of  uniform  electron 
density  is  subtly  complicated  by  the  non-zero  orbits  of  the  electrons. 

Those  electrons  traveling  on  field  lines  within  a  Larmor  radius  of  the  outer 
edge  of  the  beam  penetrate  through  the  beam  boundary  and,  hence,  through 
what  would  be  a  region  of  radial  field  discontinuity.  These  electrons  may 
interact  more  strongly  with  harmonics  of  the  cyclotron  motion  than  electrons 
nearer  the  axis. 7 


B.  THE  EFFECT  OF  GRADIENTS 

The  importance  of  density  and  temperature  gradients  in  beams 
or  plasmas  is  well  recognized.  Because  of  theoretical  difficulties,  few 
attempts  toward  adequate  solutions  have  been  made.  Recently,  Nickel,  Parker 
and  Gould^  and  others  investigated  the  effect  of  plasma  gradients  upon  elec¬ 
trostatic  waves  propagating  across  a  plasma  column  in  order  to  explain  the 
so-called  Tonks-Oattner  resonances  which  occur  with  no  magnetic  field. 
Buchshaem  and  Ha*egawav  and  Schmitt,  Meltz  and  FreyheitlO  have  considered 
wave  propagation  across  a  radial  density  gradient  in  a  magnetized  plasma. 

In  all  cases,  it  is  assumed  that  the  change  in  density  across  a  Larmor  orbit 
is  either  so  small  that  the  gradient  slightly  perturbs  the  wave-equation  or 
so  lirge  that  the  zero  magnetic  field  condition  is  valid. 

Emission11  and  absorption9' 10  measurements  of  a  plasma  column 
■versed  in  a  magnetic  field  have  shown  very  interesting  fine  structure  when 
the  frequency  of  observation  is  in  the  vicinity  of  twice  the  electron  cyclo¬ 
tron  frequency  (and  higher  harmonics  as  well).  The  theory  of  Buchsbaum  and 
^ategawa  is  that  waves  can  propagate  within  the  high-density  core  of  the 
plasm*  oat  toward  the  walls  of  the  discharge  tube  until  the  wave  frequency 
corresponds  to  the  local  hybrid  frequency  (uuhybrid  =  A>fj  +  nj),  ts  long  as 
the  wave  frequency  is  less  than  the  second  harmonic  of  the  cyclotron  frequency. 
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FIG. 


Dispersion  relation  for  mono -energetic,  fixed  perpendicular  energy 

beam  waves  of  frequency  less  than  the  first  cyclotron 

Each  curye  is  for  different  beam  density  expressed  in  terms  of  the 

ratio  i/i f  all  having  kxvoX  =  0.10.  As  density! the 

wave  originating  near  zero  frequency  couples  with  the 

energy  wave  below  the  cyclotron  frequency,  and  wave  growth  ensues. 
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FIG.  5  Reactive  interaction  between  o  transverse  velocity  beam  and  a 
werm-pl awe.  Growth  rate  vs  frequency  it  presented  for  waves 
near  the  second  harmonic  of  the  electron  cyclotron  frequency. 
Each  curve  represents  a  different  plasma  electron  density,  thus 
showing  growth  rale  and  frequency  depend  upon  plasma  frequency. 


At  the  hybrid  frequency  the  waves  become  evanescent  on  the  outside  and  are 
reflected  toward  the  interior,  thus  setting  up  a  standing  wave  or  radial 
resonant  condition.  The  importance  of  radial  density  gradients  is  stressed 
by  the*r  analysis. 

The  combination  of  the  linearized  Boltzmann  equation  with 
Poisson  s  equation  leads  to  the  following  differential  equation  for  slab 
geometry: 


“V  [9<x>e<x>]  +  “V 

dx^  X2 


g(x) 


g(x)E(x)  =  0 
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is  the  normalized 
plasma  frequency. 

is  the  electron  temperature  (assumed 
electron  density  profile,  and  ui 

po 

to  be  uniform),  g(x) 
is  the  peak  electron 

If  the  medium  is 
the  dispersion  relation  is 

uniform,  g  =  1 

and 

d2/ dx2  -  -k2 ,  so 

that 

(4fi2  -  oo2)  (n 

2  +  u>2  -  oo2)  = 

po 

.2  b^T 
kM  ”  1 

o 

CM  D. 

3 

(6) 

from  which  we  can 

verify  that 

k 

is  real  where 

2  9  9 

W  <  n  +  u 

po 

M 

2n  >  u>  . 

k 

is  real  where 

2  2  2 
w  >  wL  *  n 

po 

amd 

2Ci  <  u>  . 
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Cue  2  hat  bet*  •xp*r»**«ially  and  theoretically  treated  by 
Sehailt,  Malta  aad  ir#yk»ltJu 

Th#  lolutloa  of  Eq.  (3)  con  bo  explicitly  give*  for  a  entity 

profl ie 


g(x)  ■ 


1 


1  ♦  Y 


IH 


2 


and  it 


«*»■[»  M#.ffl  *  °,l¥) 


where 


c  = 


3eT  2  2 

““  uo  l 
JB _ OSL 


4y(o>2  -  n2)(4n2  -  w2) 


1/4 


v  =  J 


r  v/2 

La4Q2.  -  m)t2 _ 1  ( 

K»  f  (“2  -  nV 


(n2  +  u)2  -  M)2) 

po 


-  1 


and  the  D  functions  are  parabolic  cylinder  functions.  These  functions 
oscillate  in  space  in  the  manner  of  a  radial  standing  wave,  showing  that 
physically  the  wave  propagating  out  from  the  core  is  continuously  reflected 
from  the  density  gradient.  Buchsbaum  and  Hasegawa's  work  has  been  extended 
by  us  to  include  cylindrical  geometry,  and  the  same  essential  feature  of 
the  standing  wave  pattern  is  found.  In  Fig.  6  we  illustrate  the  nature  of 
the  solutions  associated  with  waves  propagating  across  a  density  gradient 
both  with  and  without  a  static  axial  magnetic  field. 

The  solution  given  above  for  the  non-uniform  plasma  is  valid 
only  in  the  region  where  ui  «  2(1  and  is  a  result  of  an  expansion  to  first 
order  in  the  quantity  (Lr  d/dx),  which  is  the  ratio  of  Larmor  orbit 

~  eT/mQ  )  to  gradient  scale  length.  In  Older  to  consider  waves  in  the 
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vicinity  of  the  third  harmonic,  terms  to  second  order  in  Lr  d/dx  are  re¬ 
quired  and  so  on.  It  is  obvious  that  computational  complications  increase 
with  higher  harmonic  number  if  such  a  technique  is  used.  We  propose  to  con¬ 
sider  the  extension  of  this  method  as  well  as  attempting  different  attacks 
on  the  problem. 

While  a  plasma  will  probably  have  only  slightly  non-uniform  elec¬ 
tron  temperature,  an  electron  beam  may  well  Irve  a  velocity  distribution  (it 
would  be  incorrect  to  consider  it  a  temperature)  which  is  highly  inhomogeneous 
as  a  result  of  generation  and  injection  methods.  The  terms  arising  from  inhomo¬ 
geneous  beam  electron  velocity  distribution  (and  density  gradients)  in  the 
Boltzmann  equation  are  from  the  term  v0  Vr  f0  ,  where  fQ  =  n(r)gx(r, vx)g||(r, V||). 
That  is,  we  assume  that  the  density  and  velocity  variations  are  separable.  For 
example,  we  could  consider  a  local  Maxwellian  velocity  distribution  in  the  L 
di rcction. 


9±(r, vx)  = 


/jjnv^iotr) 


exp 


2vJ0(r) 


The  consequences  of  such  a  distribution  (or,  for  t'  at  matter,  of  any  tempera 
ture  gradient)  upon  the  cyclotron  harmonic  beam  waves  at*e  not  evident,  but 
approaching  the  problem  via  a  perturbation  technique  allows  the  insights 
obtained  in  the  uniform  analysis  to  be  extended  and  applied  to  the  very  dif¬ 
ficult  case  of  spatial  temperature  variation.  That  is,  we  can  consider 


where  Y  is  a  small  number  and  l  is  the  beam  radius. 

We  are  exploring,  as  one  possible  coupling  mechanism,  the  non- 
uniform  plasma  resonances  discussed  in  the  previous  section.  These  resonances 
set  up  the  high-order  radial  field  variatfons  required  to  excite  transverse 
velocity  beam  waves.  The  resonances  themselves  may  be  excited  by  electrodes 
which  are  locatad  entirely  outside  the  beam-plasma  region.  (See  Fig.  8.) 

Many  experiments  related  to  this  aspect  have  been  conducted. 

From  these  experiments,  it  appears  that  the  core  resonances  in  a  plasma  are 
strongly  excited  by  an  external  circuit.  The  depth  of  the  absorption  is  well 
illustrated  in  Fig.  7,  which  shows  oscilloscope  traces  of  resonant  dips  in 
reflected  power  as  viewed  on  a  strip  line  excited  at  a  frequency  of  400  Mc/sec. 
Each  tract,  is  for  the  indicated  ratio  of  wave  frequency  to  cyclotron  frequency; 
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FIG.  7  Experimentally  observed  radial  electron  plasma  wav#  T#jonanees 

in  the  core  of  a  cylindrical  plasma  column  for  different  magnetic 
field  strengths,  observed  in  reflection  in  a  aeon  afterglow  plasma, 
0.02  torr,  f  =  40C  Mc/sec,  time  scale  0.2  msec/div.  Note  depth  of 
resonant  structure. 


MOVABLE  LANGMUIR  PROBE 


FIG.  0  Experimental  apparatae  ehowiag  method  of  excltatiea  ai  wall  ai 
method  of  iattnal  probing  of  radial  reeonancee  oa  a  plasma 
coins  la  aagaotlc  fie’d.  The  rf  excitation  at  1175  Mc/eec  li 
•ado  ea  a  capacitive  type  eyetem  employing  ctrlpllaei  fed  out 
ef  pftaae.  A  simple  coaxial  cable  with  the  center  conductor 
bared  far  one  lack  aervet  aa  the  probe  laalde  the  de  discharge. 
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til  trice*  ire  in  the  vicinity  of  the  *econd  harmonic  of  the  cyclotron  fre¬ 
quency,  a*  predicted  by  the  di*per*ion  relation  of  Bernstein1^  from  longitu¬ 
dinal  wave*  propagating  across  the  magnetic  field. 


IV.  WORK  PERFORMED  DURING  REPORT  PERIOD 
A.  Coupling  Techniques 


1.  Theory 

The  experimental  results  of  the  electrostatic  waves  propagating  in 
the  plasma  component  of  the  beam-plasma  system  have  shown  consistently  that 
the  wave*  do  not  obey  the  dispersion  relation  predicted  by  Bernstein  [12]. 

For  p  given  frequency  the  waves  are  observed  to  have  a  wave  number  about  twice 
that  which  is  predicted  for  a  Maxwellian  plasma.  This  results  in  a  marked 
change  in  the  plasma  slab  impedance  at  a  given  frequency  than  that  which  is 
predicted  for  a  plasma  with  a  Maxwellian  velocity  distribution  (see  report 
ECOM -01821-3) .  In  order  to  determine  whether  a  non-Maxwellian  plasma  could 
account  for  the  experimental  dispersion  relation  an  attempt  to  determine  the 
theoretical  w  ,  k  relation  for  general  distribution  functions  is  being  pro¬ 
grammed. 


The  equation  governing  the  electrostatic  waves  propagating  across 
the  magnetic  field  is 


1  + 


=  0 


(7) 


which  is  obtained  by  setting  k g  =  0  in  Eq.  (1)  and  integrating  over  the  axial 
velocity,  V||  . 

Initially,  two  distributions  will  be  considered,  the  exponential 


f  (v  )  -  A  JL  pV3m/kT  vx 
VVJ.J  ~  2tt  kT  e 


(8a) 


and  the  Druyvestyn 


f 


b 


e -( ( v^/  4ti)  ( m/  kT ) 2 ) 


(%) 
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Both  distributions  are  noraalized  and  have  second  ■soaients  equal  to 
the  second  nonent  of  the  Maxwellian  distribution  so  that 


2  0  2  2kT 

*  2,t  =  — 

making  the  energy  equal  in  all  cases. 

-3 

In  a  low  pressure  discharge  (pressure  ~  10  Torr)  it  is  expected 
that  the  distribution  is  more  like  Eq.  (8a)  whereas  Eq.  (8b)  is  the  theoreti¬ 
cal  velocity  distribution  for  a  high  pressure  dc  discharge. 

2.  Experiment 

In  order  to  verify  that  the  experimental  technique  previously 
employed  had  besn  valid  and  that  the  experimentally  determined  values  for 
wavelength  were  not  off  by  a  factor  of  two  as  a  result  of  the  measurement 
technique  the  wave  probing  experiments  were  repeated  using  the  set  ud  shown 
in  Fig.  9. 

The  signal  driving  the  plasma  oscillations  is  split  in  two  by  the 
3  dB  directional  coupler.  The  impedance  of  the  probe  in  the  plasma  is  tuned 
by  a  short-circuited  line  and  the  probe  signal  coupled  out  by  a  10  dB  coupler. 
This  signal  is  phase  shifted  by  means  of  a  motor -driven  delay  line  and  com¬ 
bined  with  the  reference  signal  in  a  10  dB  coupler.  This  combined  signal  is 
detected  and  recorded  as  a  function  of  position  on  an  xy  recorder.  An  atten¬ 
uator  pad  was  added  to  the  reference  to  test  the  circuit  operation.  Since 
the  crystal  detector  operates  as  a  square-law  device,  its  low  frequency  out¬ 
put  contains  the  terms 


S0(x)  =  Sp(x) 


+  Sg  +  2Sp(x)  Sfi  cos  cp(x) 


(9) 


S  (x)  is  the  probe  signal  and  is  a  function  of 
F  position,  x  ,  within  the  plasma; 

Sj,  is  the  amplitude  of  the  reference  signal 
and  is  independent  of  probe  position; 

cp(x)  is  the  phase  difference  between  the 

reference  and  probe  channel  which,  in  general, 
will  be  a  function  of  position  (x)  . 

If  a  standing  wave  were  present  in  the  plasma  the  phase  cp(x) 
would  be  independent  of  position,  and  S  (x)  would  vary  spatially  in  a 
sinusoidal  like  manner  whereas  for  traveling  wave,  oos  cp(x)  would  vary 
in  a  sinusoidal  manner  and  S  (x)  would  vary  slowly  (as  a  result  of  the 
plfcsma  inhomogeneity).  p 


where: 


and 
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Probe  *»gno< 


Precialon 
voriobl*  dtloy 


Detector 


coupler 


Shorted  variable  length  line 


X  -Y  recorder 


FIG.  9  Experimental  set  up  for  the  detection  of  the  phase  velocity  of  the 

«...  prop.j.ting  .cro..  th.  pli.ma  coTumn! 
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Consider  the  case  in  question.  If  SR=0  and  only  a  travelino 
waVe  were  present  then  the  output,  s2(x)  ,  wpu5d  be  independent  of  posi- 
I1}0"!!1?  }S  °?ntrary  t0  Previous  exPeriments.  (See  report  EC0M-0l82l(E)-l  ) 
If  only  a  standing  wave  were  present  then  the  spatial  oscillations  measured 
would  be  at  twice  the  spatial  frequency  2k,  (£,  being  the  sJaUal  fre 

?Sa!!CwLadSneen^%taetravSiireme,,tS  should.have  been  interpreted  differently 
.  ,  na*  a  traveling  cr  a  standing  wave  were  present  with  a  laraer 

ured^would  bTl  rl™  Sp3tial  variatlon  then  the  sP^l  frequency  meas- 
ambiauuf  t  f  *  Tt  K**™1  exPerlment  is  designed  to  eliminate  this 
ambiguity.  SR  is  set  to  be  very  much  larger  than  S_  and  so  one  has 


SQ(x)  2Sr  S  ( x )  cos  cp(x) 


(10) 


“i  nvi-s* 

**  the  3sdB  srto’s  s:  ^rsr^.0-3 

i  t.  Pyobe  outPut  vs  Position  were  then  taicen  for  a  set  of  lenaths 

Fia  h10Pr  ItScaU  J®riabletJ: i"e*  Several  examples  of  these  are  showS  in 
h,.t " that  "  b  seen  that  the  spatial  pattern  is  essentially  the  same 

This  Is  a  SosUiJerJnd?ca?-nUtTd  "S  thC  del3y  in  the  pr0be  line  increases. 
t  ®  ;!s  a  P°S- five  indication  of  a  wave  whose  phase  velocity  is  directs 

niEBBSMSSKF 

MuTasL-fiSSSS  »;•:  s  sMs.'ssr 

B.  Two -Bean  Experiment 

T.  <  A?e  two~beam  experiment  was  remounted  after  a  cathode  fail  nr* 

p  ysical  structure  has  been  changed  as  well  The  "linear"  h»an  r tv, ' 

U  mparJeS  to  thl  ^n -'r  ln  *>«•  the  porpendiculor  ,“r,y 

aottorm  S3“" t0  avolu  int"- 
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PROBE  DISTANCE  FROM  AXIS 
(  inches) 


FIG.  10  Probe  signal  vs  probe  distance  from  axis  for  several  delay  times 
in  probe  signal  line.  The  time  delays  are  indicated  in  nano¬ 
seconds  on  the  curves.  It  can  be  seen  that  the  peaks  move  out¬ 
ward  indicating  that  the  wave  is  moving  inward.  The  curves  were 
taken  in  a  10  mA  Hg  discharge  at  485  MHz  with  the  cyclotron  fre¬ 
quency  at  175  MHz  and  are  displaced  from  one  another  for  clarity. 
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(inches  from  axis) 


00  0. 1 


0  7  0  6 


TIME  DELAY  (nanoseconds ) 


FIG.  11  Plot!  of  mxIm  Md  ■inis*  vs  tlse  deity  In  probe  signal  line. 

The  slopes  of  these  carves  determine  the  local  phase  velocity. 
The  data  were  obtained  under  the  save  conditions  Indicated  In 
Fig.  10. 


am 


INWARD  VELOCITY  (in/*#CKlO 


POSITION  FROM  AXIS  (inches) 


FIG.  12  The  local  phase  velocity  obtained  from  Fig.  11  plotted  as  a 
function  of  radial  position.  Note  that  the  waves  are  propa¬ 
gating  toward  the  axis. 


Corkscrew 
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beam  gun 


Hollow  beam 


■Focus  hollow  beam  gun 
section 

Perpendicular  energy 
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Cathode 
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FIG.  13  New  experimental  set  up  for  the  two-beam  experiment. 
Perpendicular  energy  is  added  to  the  solid  beam 
whereas  the  hollow  beam  receives  none.  The  new 
arrangement  allows  for  beam  collection  in  such  a 
manner  that  interaction  takes  place  in  region  of 
constant  predictable  beam  parameters. 
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reudled  f  *1  U  *  h‘""  f*““”  -  *»■>..  I. 

v.  conclusions 


The  pluaa  (lending  wtvei  «re  now  experimentally  deierBim«rf  h. 
*  result  of  the  spatial  superposi lion  of  i  long  wavelength  field  wit?  the 
propagating  ihort  wavelength  electreitat ic  waves  under  the  discharge  cm- 
dltioru  encountered  in  theie  experiments  with  a  low  prenare  dc  discharge 

Rern^  i5rtS!nCy  b*l"e*V*?  •"***«*  wavelengths  and  theie  predicted  hy^’ 
Bernstein  diaperiion  relation  are  though  to  be  a  remit  of  th.  a.J-, 

ii'inVp[o5ms!i,lrlbUll°n  °f  lhC  plM“  *,eclr08»  **4  •  compilation  of  this 


vi.  future:  plans 


.  *  .  P10  n®n4,txwel lli"  dispersion  relation  will  be  calcaiated  and  the 

be,IR  lnl^0<1‘ICe<,  *nt«  ifc*  plasma  io  that  the  effort  in  the  itadv 
of  the  beam  plana  interaction  will  be  .ped  ap.  } 
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This  research  is  directed  toward  the  investigation  of  high-power 
bea«  plasma  interactions,  wun  specific  investigation  of  the  transverse 
velocity  beam  modes  called  for. 

Experimental  results  have  teen  obtained  for  the  propagation  charac¬ 
teristics  of  the  transverse  plasma  wave  models.  TNey  are  qualitatively  con¬ 
sistent  with  a  traveling  backward  wave  propagating  toward  the  axis  in  o  non- 
uniform  plasma  column  whose  density  decreases  toward  the  outside.  The  observed 
wavenumber  is  about  twice  that  predicted  by  the  theoretical  dispersion  rela¬ 
tion  based  on  a  Maxwellian  electron  velocity  distribution  function.  The 
theory  has  been  reformulated  to  accommodate  arbitrary  distribution  functions. 

The  two-bean  experiment  has  been  completely  set  up  in  a  form  which  prevents 
interaction  in  the  varying  perpendicular  velocity  region. 
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